Robots are being used in the operating room to aid in surgery, prompting changes to workflow and adaptive behavior by the users. This case study presents a methodology for examining humanrobot team interaction in a complex environment, along with the results of its application in a study of the effects of experience and workplace culture, for human-robot team interaction in the operating room. The analysis of verbal and non-verbal events in robotic surgery in two different surgical teams (one in the US and one in France) revealed differences in workflow, timeline, roles, and communication patterns as a function of experience and workplace culture. Longer preparation times and more verbal exchanges related to uncertainty in use of the robotic equipment were found for the French team, who also happened to be less experienced. This study offers an effective method for studying human-robot team interaction and has implications for the future design and training of teamwork with robotic systems in other complex work environments. traditional laparoscopic surgery [9-10], the robotic systems introduce a layer of complexity to the traditional workflow in the OR. That is, in addition to the continual management of equipment and the status of the patient during a traditional surgical procedure, the surgical team must also coordinate the preparation of the robot and associated specialized robotic instruments.
Introduction
In recent years, reports of a high number of deaths and patient injuries due to medical error have been published [1] [2] [3] [4] [5] . Research uncovered alarmingly high numbers in the surgical field alone, many of which were preventable [6] [7] . Rapid introduction of complex technology and unfamiliarity with new technology were cited as causing confusion and human-machine interaction challenges [8] . This phenomenon is readily observable with the increasingly common use of surgical robotic systems in the operating room (OR). Even though they provide increased precision in surgical manipulation and ergonomic benefits to the surgeon over shown to be an important process in system design [15] . The use of "The Wizard of Oz" techniques, where interactivity normally controlled by computer technology is simulated manually by the researcher, has been utilized by Weis et al. [16] to evaluate user"s interaction with a humanoid robot in a collaborative task. One of the most common methods in HCI is the participatory design technique. It consists of involving target users in the design process. This aims to build systems that better fit the users" needs. This method has been used by Harris et al. [17] to design a web controlled mobile robot.
The use of HCI techniques for HRI has been found to be limited [18] . These limitations can be linked to the fact that robots are not typical computer technologies, per se [19] . Compared to computers, robots are considered active components of the system that operate in a dynamic environment [20] . They have a physical and social presence in the humans" personal space that set them apart from other interactive artifacts [18] . These characteristics suggest changes in the way humans interact with these new technologies. For that purpose many researchers suggest that the HCI evaluation methods should be applied to HRI with care [16, 18, 21] .
Cultural Effects on HRI
Three classes of robots have been suggested: industrial robots, professional service robots that operate in work organizations and public settings, and personal service robots [22] . These three kinds of robots have different capabilities, different user groups, and different contexts of use [22] . In other words, the human-robot interaction varies depending on the cultural setting. "Culture" can be defined based on nationality, languages, socioeconomic status, religion, ethnicity, or more generally, "sets of beliefs, norms, expectations, and traditions hal-00757340, version 1 -26 Nov 2012 which are common to all members of the same population subgroup, but differ among members of different population subgroups" [23, p. 321] .
Culture found in a workplace setting falls under the much studied umbrella of organizational culture. According to Schein, organizational culture encompasses "a pattern of basic assumptions, invented, discovered or developed by a given group, as it learns to cope with its problems of external adaptation and internal integration that has worked well enough to be considered valid and, therefore is to be taught to new members as the correct way to perceive, think, and feel in relation to those problems" [24, p. 111 ]. There are three levels of organizational culture: observable artifacts, values, and basic underlying assumptions, and one can begin to understand a particular organizational culture through the examination of one or more of these levels [24] . Another model describes organizational culture along four dimensions, including a group"s mission, adaptability, involvement, and consistency and can be either internally or externally focused [25] . Organizational culture can also vary as a function of national or regional differences. In an influential study of organizational culture, Hofstede provides a compelling case for organizational differences between national and regional culture groups influencing the behavior found among different worldwide offices of the same company [26] . Characteristics such as power hierarchy, acceptance of risk and uncertainty, individualism vs. collectivism, and traditional masculine vs. feminine values, underlie these organizational differences [26] .
Thus, the organizational changes caused by the introduction of robots poses a variety of design and adaptation issues, and are specific to the operating room workplace culture [27] . Studying the integration of the robots in the OR workplace culture and their impact on team communication can provide insight hal-00757340, version 1 -26 Nov 2012 into the nature of human-robot interactions. The goal of this research was to examine human-robot team interaction in a complex environment, such as the surgical OR. A second objective of this research was to present a methodology for investigating human-robot team interaction based on communication analysis. In this paper, the methodology is applied to the examination of the effects of workplace culture and experience differences on HRI in the surgical OR, to demonstrate its utility.
Communication in Robotic Surgery
Previous research has shown that the introduction of robotics into the operating theatre alters the traditional surgical team structure and communication patterns [28] . For example, the surgeon performs the robot-assisted procedure while seated at a console away from the patient and the operating table, and as a result, is physically separated from the rest of the team. This setup prohibits face-to-face communication during the operative part of the procedure. Thus, coordination of procedural tasks performed by the assistant, such as changing instruments or irrigating, becomes more complex. One study suggested that team members adapt to the changes brought by the robotic surgical system by communicating more frequently than in a similar, minimally invasive procedure, and this effect is even more pronounced with novice teams [29] . Previous ethnographic research in robotic surgery suggests a shift in the social dynamic of the OR team in which the robot substitutes work tasks traditionally performed by the surgical assistant, altering the social reliance between the surgeon and the rest of the team [30] .
Given the changes in team structure and team dynamics introduced by the robot, it follows that the established method of information dissemination may also be altered. Cao and Taylor compared traditional minimally invasive surgery with hal-00757340, version 1 -26 Nov 2012 robotic minimally invasive surgery for cholecystectomy procedures and found a large difference in the amount and type of information communicated in the two surgical teams [31] . For example, tasks such as instrument changes required significantly more physical steps and verbalization to complete in the robotic case [31] . Additionally, the increased amount of verbalization between team members in the robotic case yielded greater chances for miscommunication and error.
A controlled study of open, scripted, and automated communication styles in robotic surgery found that simulated surgeon-nurse teams performed faster in the scripted and automated conditions, but the automated conditions had the highest error rates due to unfamiliarity with the new technology [32] . This suggests that pointed, procedure-related communication has a positive effect on performance in an environment where a robot is introduced into the workflow.
Increased verbalization and team coordination in robotic surgery is expected to be more pronounced when the team members are even further separated physically, as is possible with the use of robotics for telesurgery. The concept of telesurgery is gaining ground among forward thinkers in the field, in which a surgeon may perform a procedure on a patient located remotely through the use of robotic and telecommunication technology. Telesurgery introduces an additional challenge of team coordination between the control and the operative sites when these sites are physically separated by large distances. In addition to the necessary coordination related to preparing the robot and specialized instruments, maintaining patient status, and ensuring a smooth flow of the procedure, the remote teams must also coordinate their activities, often with a time lag due to transmission bandwidth limitation [33] . Delays in feedback have been shown to adversely affect the performance and coordination of remote manipulation tasks and communication [34] . Research has suggested that more effective training and evaluation methods, hal-00757340, version 1 -26 Nov 2012 along with a focus on teamwork and communication, may mitigate some of the risks of patient harm in robotic surgery [35] [36] [37] .
Moreover, cultural differences between the remote teams can further complicate the coordination efforts. Professional, organizational, and ethnic or regional cultures often combine to shape human behavioral patterns and beliefs.
Differences in cultural norms can result in different views on safety, procedures, use of technology, and interpersonal relationships within the work environment [38] . Moray has studied cultural ergonomics related to technology use, and cites anthropometric issues, stereotypes related to a culture"s response to stimuli, and language/iconic differences as the primary causes for cultural difficulties in the use of technology [39] . Ethnic and language cultural differences add a layer to expectations of behavior and working standards in the medical field. In the OR, there are certain standard views about team hierarchy, decision-making power, and levels of trust and respect between medical personnel. Organizational factors as basic as shift scheduling, and those affecting task outcomes such as job priorities, may also affect coordination between disparate cultural groups. In surgery, ignoring such professional, organizational, or ethnic cultural factors may negatively impact OR dynamics [40] .
Established teams with team members who have worked together over time develop interpersonal relationships that facilitate trust and communication in the pursuit of shared goals [41] . Unfamiliar team members, perhaps new to the surgical team, or working on a remote team during telesurgery, will have less of a chance to build rapport and trust with others, yet they need to rely on communication and personal interaction in order to complete the task at hand within the given timeframe. This may negatively affect team performance, and as a result, outcomes of the care to the patient. As cultural norms dictate the behavior hal-00757340, version 1 -26 Nov 2012 of individuals and teams in social settings, it is important to understand these differences to be able to facilitate the cross-cultural team communication for telesurgery. This paper reports the results and methodology used to examine real, uncontrolled, robotic surgery cases for the effects of workplace culture and experience in HRI. The use cases were surgical teams in two different ORs across two different countries -France and the US.
Methodology
Communication analysis, as a general methodology to study teamwork effectiveness and workflow coordination, has been used in various contexts such as aviation and medicine. However, as the environment in each of these contexts is characterized by its own set of constraints, the methodology must necessarily be modified to adapt to the specific environment being studied.
In general, real-time verbal utterances by team members are recorded along with observable events, either using hand-written notes or videotapes. These verbal and non-verbal events are then analyzed for content and/or pattern, based on the research questions. A coding scheme can be generated according to the themes that emerge, allowing for subsequent detailed analysis. Typically, verbal data can be processed and categorized as single-statements in which each verbal utterance is considered a separate communication entry, or contextual summaries with content, participants, and timing of events. In the medical environment, verbal and non-verbal data have been collected in real-time during surgeries, transcribed, and subsequently categorized into themes (e.g., equipment, planning, and non-task related) [29] . Another approach is to group communication data into types of communication failure caused by flaws in content, audience, or purpose [12] . In hal-00757340, version 1 -26 Nov 2012 aviation, single-statement verbal events have been recorded, transcribed, and then analyzed for patterns such as questions/directives followed by responses/one-bit acknowledgements [42] . Transcribed verbal events have also been analyzed to look for themes related to the usage of first person plural (we, us, and ours) or verbal events related to a successful outcome or sense of achievement [43] .
Even though these aviation studies are normally in simulated environments, we used the same approach in acquiring the data and looked for similar patterns of communication as indicators of human-robot team interaction.
In this research, a hybrid approach was used in order to assess verbal data based on both communication content (topic) and pattern. Because the goal was not to specifically look for poor communication or performance indicators, but instead to characterize and understand the behavior of teams in the presence of a robot, we chose this hybrid style of analysis, as it provides several different perspectives for looking at communication. Content analysis can be tailored to look for specific topics of verbal exchanges in surgery, or can be developed over time based on the themes that emerge in preliminary observations. On the other hand, pattern analysis provides a more generalized approach to measuring characteristics of team interaction and performance. It allows for comparison across surgical domains (robotic, laparoscopic, and open surgery) and can serve as a contrast to aviation. Studying only topics of conversation may not reveal cultural or experience differences, and studying only patterns of communication may not reveal the specific workflow points which engage a team to a higher degree.
Research Setting
A field study was conducted in the hospital OR to examine the communication patterns of surgical teams while they performed a surgical procedure using a hal-00757340, version 1 -26 Nov 2012 robotic system. Only gynecologic procedures were observed in this study, allowing us to compare team communication of different teams independent of the surgical procedure. However, given the complex nature of surgery, and the constraints of scheduling and space within the OR, data collection for this observational study was purely opportunistic. In other words, we did not alter the physical environment or the course of events within the OR during observation.
Two different surgical teams were observed during the spring of 2011; one at a teaching hospital in Boston, US, while the other was at a teaching hospital in Nantes, France. The surgical team in the US contained a mix of novice members and experienced members of robotic surgery. In contrast, the French team members were all new to robotic surgery (having performed less than 5 cases). operating table) .
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Data Collection
The research utilized a classic approach to analyze behavior and team interaction, consisting of observations of live surgery, and semi-structured interviews with the surgical team outside of the OR.
US Data Collection
Two regularly scheduled gynecology robotic surgery cases were observed in the US OR. During observation, hand-written notes were taken throughout the procedure. The notes consisted of general descriptions of the physical environment, the team composition, and progress of the operation with timestamped events such as intubation, anesthesia administration, incision, robotic docking and undocking, closure, extubation, transfer of patient out of room, etc.
In addition, the researcher recorded, as much as possible, the verbalized communication events that occurred in the OR.
France Data Collection
A parallel approach was used in the robotic OR in France. Hand-written notes were taken during observation of two regularly scheduled gynecology surgical procedures. In addition, two digital video cameras, as well as a directional microphone, were used to record all surgical events and verbal communication between the surgical team members. Figure 2 [29] and also based on observed communication in this field study. The taxonomy defines three different verbal exchange topics: equipment-related, procedure-related, and all other topics.
Because the robotic surgeries in France were recorded on video, a more detailed analysis on the verbal data was performed on the French data only. This analysis used a secondary coding scheme, adapted from previous work on team performance and communication in the aviation industry [42] . The purpose was to analyze communication patterns of the team in order to further understand how experience level or workplace culture may factor into the team"s use of the robot.
Single statement verbal data were coded according to six different categories: a) uncertainty statements or questions, b) action statements requiring team member hal-00757340, version 1 -26 Nov 2012
to perform a task, c) one-bit acknowledgement statements following (a) or (b), d) responses, more than one-bit of info following (a) or (b), e) planning statements, f) factual statements.
Once the data were coded and organized into a tabular format, patterns of team interaction during various phases of the robotic surgery were extracted by coding each single-statement verbalization according to one of the six pattern codes listed above.
Finally, semi-structured interviews with several of the surgical team members were conducted in order to obtain more information as to their training background, hospital process, opinions of teamwork, and to provide insight into the strategies and difficulties encountered by novice users of the robotic system. French team had a similar composition for both cases; there was an attending surgeon, assistant surgeon, three nurses, and an anesthesiologist who were all new to robotic surgery. A representative from Intuitive Surgical was present at both cases. The first observed French procedure was to remove the right ovary and the second procedure was removal of the para-aortic lymph nodes. Tables 2 and 3 show excerpts of the transcribed and processed verbal data collected during the observations. 
Results
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Workflow Analysis
A robotic surgery procedure can be divided into five phases (Table 4 ) that are largely centered on the preparation and use of the robot. Each of the phases is marked by identifiable start and end points and contains one or more tasks. Figure 3 shows the result of the workflow analysis in which each phase is broken down into smaller tasks. While the workflow shows a typical order of tasks, derived from the overall observational data, there were slight variations in task order between the US and French teams. 
Definitions of robotic surgery phases
Phase Definition
Preparation Begins after anesthesia is administered and ends just before the first skin incision. Includes preparation of robotic equipment, other surgical equipment, and patient.
Port placement
Begins with the first skin incision and ends when all of the trocars have been installed and the team is ready to dock the robot.
Docking
Begins when a team member first begins to move the robot to the operating table. Ends when the camera or last instrument is properly installed on the robotic arm and attached to a trocar in the patient.
Console
The surgeon works a the console to complete the technical part of the surgery. The surgeon is assisted by a nurse with instrument changing, camera cleaning, and irrigation/suction. Begins when the surgeon first sits at the console and ends when the surgeon announces he or she is finished and leaves the console.
Undocking
Begins when the first instrument or camera is unattached from its trocar, and ends when the robot has been moved away from the operating table.
assistant, installed the trocars into the patient"s abdomen and insufflated the abdominal cavity to create a work volume.
The docking phase was divided into three steps: (1) moving the patient cart from the corner of the room to the operating table, (2) positioning the robotic arms and locking them into the trocars in the patient, and (3) inserting instruments and the camera into the robotic arms. shown in Figure 4 . In general, the surgeon worked independently, requesting instrument changes or irrigation/suctioning to be performed from the assistant or scrub nurse as needed.
At the completion of the robotic portion of the surgery, the robotic arms were withdrawn and the robot was moved into the corner of the OR. The closure phase was not included in this analysis because it occurred after the robotic portion was complete and was variable from one case to another due to factors not related to HRI (e.g., patient condition, type of procedure, or scheduling of the next procedure). 
Differences in Roles
In the US, there were at least five team members working in the OR during a robotic procedure: the surgeon, a second surgeon who may be experienced in nonrobotic surgery but who was new to robotic surgery (referred to as surgeon trainee), a physician"s assistant (responsible for assisting the surgeon with preparation and planning tasks, and providing surgical assistance at the operative site through an "assistant port" in the patient), and two nurses (one scrubbed in and one circulating), and a medical student. The dominant topics in the US OR were 36% equipment-related and 53% procedure-related. Topic percentage was computed by dividing the number of recorded verbalizations for each category in the content taxonomy by the total number of verbalizations. 
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The French surgeon and surgeon trainee primarily discussed strategy, technique, and working site localization (65.5%), and the interaction with the nurses centered on preparing and learning how to use/prepare the robotic equipment (33.9%). The nurses primarily discussed usage and preparation of the equipment (53.8%). The representative from Intuitive Surgical was involved in verbal exchanges related to both equipment use and procedural technique for port placement (75.9%). 
Communication Analysis of Select Phases
Table 5 Comparison of preparation and docking phase topics between US and French teams
Communication Pattern Analysis Table 6 shows the results of the communication pattern analysis for the French team. The percent usage of each type of pattern (listed in left hand column of the 
Discussion
Workflow Analysis
The workflow analysis facilitated development of a high-level understanding of the required tasks for robotic surgery. Five robotic phases (Table 4) were defined in order to describe the typical progression of robotic surgery, as indicated by readily identifiable events in the environment. Within each phase were one or more tasks; overall, the workflow presented in Figure 3 shows the large number of tasks that directly involve the robot, thus necessitating HRI.
Analyzing the workflow of robotic surgery also showed the similarities and differences in tasks between the US and French teams. Each of the teams followed slightly different workflows, which may be shaped by both experience level and difference in hospital setting.
Surgical teams work to achieve goals related to safety, timeliness, sterility, resources, roles, and situation [44] . However, differences can exist in the order or emphasis of these goals based on the workplace culture found in an OR. While the workflow diagram shows a typical order of tasks, derived from the overall observational data, there were slight variations in task order between the US and French teams. For example, the US team completed most of the robot preparation prior to the patient entering the room, whereas during the French team cases, the robot was prepared concurrent to the port planning by the surgeons. The 
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Differences in Roles
The results also shed light on the interpersonal structure from which roles emerge in the OR. As shown in Figures 6 and 7 , the team composition was different in France than in the US in both size and roles. For example, the US team utilized a physician"s assistant to oversee port placement, docking, and to assist with surgical tasks. In France, such a position did not exist, but the same duties were performed by the nurses and surgeons together. In France, the surgeon was more involved in each step of preparation; the US surgeon took on more of an overseer and approver role, delegating many tasks to the rest of the team. The roles found in each of the operating teams also suggest that different workplace cultures exist between the French US hospitals. Previous research has shown that blurred lines of responsibility and assumptions about provider skills and knowledge may contribute to delays in patient care and adverse events [7] . For future telesurgical environments, it is important to consider how duties will be divided between the remote teams and that each team member is provided with a clear definition of expectations to support his or her role.
The results also show that the French and US teams share similar topics of discussion; the surgeon and surgeon trainee discuss strategy, technique, and working site localization, and communication with nurses is largely centered on equipment. Even for an experienced team such as the US, there are emergent themes where the team members must discuss and clarify how to interact with the robot.
Communication Analysis
Communication analyses suggest differences in style and experience level. As indicated by Table 5 The verbal exchange topics of the US team were also more widely distributed throughout all the topics of exchange, also suggesting a difference in experience level. It may also be indicative of a cultural or hospital organizational difference, where in the US management of the case is different than in French surgery.
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Communication Pattern Analysis
The pattern analysis of the French data suggests several things related to this novice team. Overall, there were more uncertainty/question statements than action/command statements. This suggests that the inexperience of the team necessitated more clarification related to the robotic surgery activities. There were also more detailed responses than one-bit responses (i.e., "yes" or "okay").
This result suggests both a lack of experience (which in turn requires more Finally, the number of planning statements increased from case 1 to case 2. This result suggests that the novice team was learning and gaining confidence, allowing them to discuss plans and strategy, as opposed to focusing more on equipment issues.
In certain phases of robotic surgery, there were lower percentages of verbal responses (e.g., docking, port placement, and console). This is not necessarily indicative of poor team communication. Analysis of the video logs revealed that in these phases, many responses were issued non-verbally. Examples of these occurred when the surgeon asked for a tool and the nurse handed the surgeon the hal-00757340, version 1 -26 Nov 2012 tool immediately, or when the surgeons discussed port placement and indicated with their hands or instruments instead of providing verbal confirmations.
The difference in response type between port placement and docking also suggests something about the team"s interaction with the robot. The higher percentage of action statements/commands during the docking phase is indicative of how the surgeon and rep must issue commands on how to set up the robot at the operating table. For docking, non-verbal responses (in the form of moving the robot) were sufficient to close the loop on positioning directions offered by the team, helping to explain the lower percentage of response statements. However for port planning, the team closed the loop with verbal communication, as indicated by a higher percentage of response statements. The surgeon"s willingness to talk aloud not only solidified his understanding of the process, but allowed other team members to experience the same understanding and learning.
Summary of Findings
It is difficult to define HRI, especially in a complex and dynamic environment such as the OR. In this case study, we examined workflow, time, roles, and communication in an effort to understand the interaction found in the robotic surgical setting.
Beginning with high-level observations that formed a picture of the overall process and workflow, teams in two different countries were observed to share the same end goal of delivering surgical care to a patient. By defining each of the phases of robotic surgery, similarities and differences emerged in the paths followed by the teams. For example, the teams followed slightly different workflows, and the roles of the clinicians working in each country differed along with varying communication styles. These differences may be shaped by If cultural ergonomic considerations are commonly applied to the design of medical devices, then team interaction and training methods need to be studied as well in order to facilitate the development of successful telemedicine applications.
A goal of this study was to understand human-robot team interaction in robotic surgery. The results revealed that differences between work sites and teams may benefit from a common set of training and communication protocols in order for remote teams to collaborate effectively and synchronize the workflow. Use of a surgical robot requires many changes to planning and use of equipment as compared to minimally invasive surgery. Roles, tasks, and workflow need to be well-defined using a common language agreed upon and understood by all members of the local and remote teams. This preliminary research provides an important first step to understanding HRIs in complex work environments such as hal-00757340, version 1 -26 Nov 2012 surgery and in understanding the effects of culture and experience between different teams.
While this case study examined surgical teams that happened to be in different countries, therefore implying the existence of regional cultural differences, the method and findings are most importantly generalized to human-robot teams working as a single unit, or comparing human-robot team interaction between different units, offices, or geographic locations.
Limitations and future work
This research was a preliminary analysis of human-robot team interaction in surgery. While many conclusions can be drawn, the data set was small. Data collection in a dynamic environment such as surgery generally proves to be challenging; uncertainty in the environment can cause cancelled surgeries and delays, making it a time-consuming field study. Capturing all concurrent tasks through video and audio analysis must be carefully planned. The additional step of translating and understanding the context of a foreign operating team adds an additional layer to data analysis. The original two US surgeries were not videotaped; therefore it was not possible to complete a direct comparison of single statement data with the French team.
A direct comparison of team performance between a robotic-assisted surgery and non-robot-assisted surgery [31] was not conducted using the proposed methodology. Future studies may employ this approach to examine its applicability in HCI research.
hal-00757340, version 1 -26 Nov 2012
Conclusion
The shift from traditional minimally invasive techniques to robotic surgery is a large step. In the former, surgeons are separated from the patient by simple handheld surgical tools. Conversely, in the latter a complex computer driven electromechanical machine is inserted between the surgeon and the patient. Any new technology introduced into an established system will face obstacles in terms of re-training, adoption, and adjustments to procedure. The surgical domain is not different in dealing with new technology; changes to established medical protocols and workflows in a high stress environment such as surgery may have a direct effect on the safety of the patient and outcome of procedures. The results presented in this paper demonstrate an effective methodology that can be applied to the study of human-robot team interaction in a dynamic work environment. In this particular instance, we were also able to draw conclusions about the effects of experience level and cultural differences on human-robot team interaction with robotic technology. Understanding these factors will not only allow for improvement of the technology and advancement of safety to the patient, but will provide a setting in which to implement future telesurgical systems in order to deliver surgical care between remote locations.
